The margins of safety for neuromuscular transmission in the gastrocnemius and diaphragm muscle of the cat and the rabbit have been determined indirectly by a modified dose-ratio method. The dose-ratio is the ratio of the doses of agonist required to produce a given degree of the drug action (50% decrease of indirectly elicited mechanical response) in the presence and in the absence of a subclinically effective dose of antagonist. In the present study the assumption was made that following the application of agonist, the fraction of muscle fibres unresponsive to indirect stimulation reflected the degree of sustained depolarization of the end-plate region. Suxamethonium was used as agonist, tubocurarine was used as antagonist. With stimulation once every 10 sec, the dose-ratios were 1.9 ±0.4 (mean±SD) and 2.0 ±0.3 in the cat gastrocnemius and the diaphragm muscle respectively. In the rabbit, the corresponding dose-ratios were 1.3±0.1 and 1.3±0.2. It is suggested that there may be a species-related difference in the safety margin for gastrocnemius muscle. In both species, there was no significant difference between gastrocnemius and diaphragm.
It is generally accepted that there is a margin of safety in neuromuscular transmission: more acetylcholine (Ach) is released per nerve volley or there are more Ach-receptors available than are necessary for successful transmission.
The safety margin could be measured by determining the relationship between the receptor capacity available and the capacity necessary for the transmission. To assess the receptor capacity, the dose-ratio method was introduced by Gaddum et al. (1955) in rat's uterus and guineapig's ileum. In outline the method consists of finding the ratio of the doses of a stimulating drug (agonist) required to produce a given degree of the control drug action (50% of the initial maximum response) in the presence and in the absence of a competitive drug (antagonist). The dose-ratio, which represents the safety margin of the receptors, is equal to the ratio of the receptor capacity available and that necessary to produce the transmission. Paton and Waud (1967) estimated the safety margin by the dose-ratio method in tibialis and sartorius muscles of cat, dog and rabbit using suxamethonium, decamethonium, or octamethonium as agonist. They found, for example, that with cat tibialis muscle stimulated indirectly every 10 sec, the dose-ratio was 4 to 5, that is, the amount of Ach released or the capacity of the Ach-receptors was 4 to 5 times that necessary for the transmission. Since the methods used in animals cannot be applied directly to human subjects, there has been no attempt to explore the margin of safety in man.
The present experiments were based on the assumption that the amount of the block, determined as the degree of decrease in the mechanical twitch responses caused by an indirect stimulation, correlated with the fraction of inexcitable muscle fibres, and that this reflects the degree of sustained depolarization in the end-plate region. Employing the indirect method used in the present study, we have reported that the safety margin of neuromuscular transmission in human thumb muscle appears to be greater than in different muscle groups in animals. To produce threshold block of thumb muscle to indirect stimulation of the ulnar nerve once every 10 sec, the dose-ratio was about 2.5 (Yamamura et al., 1971) , and the dose-ratios of human thumb muscle and gastrocnemius muscle of cat, dog and rabbit were significantly different.
The present study was carried out in order to determine the dose-ratios of gastrocnemius muscle and diaphragm muscle in cat and rabbit, utilizing indirect measurement.
METHODS
Cats and rabbits of either sex, weighing 2.5-3.8 and 2.0-3.2 kg respectively, were studied. In cats, anaesthesia was induced with halothane 5-10% in oxygen and maintained with chloral hydrate (60 mg/kg, i.v.). The rabbits were anaesthetized with sodium thiopentone (2.0-2.5 mg/kg, i.v.) and anaesthesia was maintained with chloral hydrate (40 mg/kg, i.v.). Drugs were injected through a cannula in the femoral vein.
The lungs were ventilated with air using a mechanical ventilator (Acoma, Model AR-300), to maintain Pacoa at 35-38 mm Hg during the experiment. The rectal temperature was maintained within the range 37.0-38.5 °C by the use of a heated mattress. The skin temperature of the hind limb was maintained at 36.5-37.5 °C by a radiant heater. The temperature of the diaphragm was maintained at 35.5-36.5 °C by the use of warmed paraffin circulating through the thoracic cavity. Ringer's solution 2-3 ml/kg/hr was infused intravenously.
Stimulation.
The tibial nerve was exposed at the entrance to the crus between the two heads of the gastrocnemius muscle; the phrenic nerve was exposed at the right side of the neck. A paraffin pool was made by suturing the skin edges to a steel ring. The nerve was stimulated by means of a bipolar platinum electrode. The parameters of the stimuli were 0.2 msec duration, 150% supramaximal intensity, 0.1 Hz or 1.0 Hz frequency. Stimuli were delivered through an isolation unit (Nihonkohden, Model MSE-JM).
Recording.
The distal two-thirds of the gastrocnemius muscle was isolated. The Achilles tendon was cut and connected to a strain gauge transducer (Shinkoh, Type UT; load ±200 g). The hind limb was securely fixed to a rigid frame by a steel rod through the distal end of the femur and by a clamp at the ankle joint ( fig. 1) .
To record the mechanical response of the diaphragm, the chest was opened by a right paramedian incision at the fifth and sixth ribs. Two incisions about 2 cm long and 2 cm apart were made at its origin close to the rib. The cut end of the diaphragm was connected to the strain gauge transducer through a pulley system. The muscle of this cut part of the diaphragm was freed from the thoracic cage so as to provide a mobile slip of muscle, carefully avoiding the loss of mechanical responses and of the circulation. Thus a part of the diaphragm (about 2x2 cm) was isolated from the surrounding muscle tissue of the diaphragm. To avoid gross movement, the thoracic cage and fore limbs were fixed to a rigid frame by wires. Recordings of the mechanical responses were made by a polyrecorder (Nihon-kohden, Model RM-5). The experimental arrangement is indicated diagrammatically in figures 1 and 2. Drugs. Suxamethonium (Sch) (Relaxin, Kyorin) and tubocurarine chloride (Tc) (Amerizol, Yosthitomi) were dissolved in normal saline solution at a concentration of 0.1 mg/ml just before use.
Definition of threshold transmission.
In both gastrocnemius muscle and the muscle of the diaphragm, the decrease in mechanical responses elicited by indirect stimulation of 0.1 Hz frequency was used as a measure of the depolarizing action of Sch. To observe the degree of the action of Tc in gastrocnemius muscle, trains of four successive stimuli at a frequency of 1.0 Hz were delivered at 10-sec intervals. At a certain time during the recovery, the height of the first of the four successive mechanical responses was equal to the control height, while that of the second, third and the last was less ( fig. 3 ). In the present study, such a state was defined as the threshold transmission stage. In the diaphragm, the recording system was aflFected by the inflation of the lung as well as the mechanical responses, so it was more difficult to observe a slight change of mechanical response than in gastrocnemius muscle. Therefore, the time when nearly full recovery of mechanical responses elicited by indirect stimulation of 0.1 Hz frequency was obtained, was regarded as the threshold transmission stage. The height of the mechanical response of the diaphragm was defined as the distance between the upper margin of the baseline and the peak of the response ( fig. 4) , although there is some distortion of the response resulting from the arc movement of the pen writer. 
Calculation of dose-ratio.
In gastrocnemius muscle, after the recording of the control mechanical response, the first test dose of Sch (0.03 mg/kg, i.v.) was injected. With reference to the degree of action of the first test dose, doses of Sch producing about 20, 50 and 80% block were given. From this control logarithmic dose-response curve, ED 50 of Sch was obtained. Then, a complete blocking dose of Tc (0.4 mg/kg, i.v.) was injected and recovery to threshold transmission as described above was obtained within 10-20 min. Here the first test dose of Sch (about twice the ED JO estimated from the control doseresponse curve) was injected. After complete recovery from this, another dose of Sch was injected in a quantity to produce a block in the range of 20-80%. From this log-dose response curve in the state of threshold transmission, Eiy s0 of Sch was estimated from a graph. In some instances, the effect of Tc disappeared during the measurement. In such a case, an additional dose of Tc (0.1 mg/kg, i.v.) was injected.
In the diaphragm, each test dose of Sch was preceded by a completely blocking dose of Tc, that is, one Sch response was recorded after the nearly full recovery from one completely blocking dose of Tc.
The experiment comprised three stages. Having obtained the control reproducible responses to the injection of Sch, a complete blocking dose of Tc was administered. After the recovery, the responses to Sch were recorded again. The ratio of ED 50 in the control and Eiy j0 in threshold transmission or in nearly full recovery is the dose-ratio of a given muscle. The significances of differences between dose-ratios were computed using Student's f-test.
RESULTS
The first test dose of Sch (0.03 mg/kg, i.v.) produced large variations in its blocking effect in both cats and rabbits. In the cat gastrocnemius muscle, for example, the effect ranged from 10 to 90% decrease of mechanical response. It took about 10-15 min for the response to recover. ED S0 of rabbits was significantly greater than that of cats (table I) . responses of the cat diaphragm and the log-dose response curve (No. 6 in table IT). The value of the dose-ratio of gastrocnemius muscle of cats was 1.9 ±0.4 (mean ±SD), that of the diaphragm was 2.0 ±0.3. In rabbits the doseratio was 1.3±0.1 in gastrocnemius and 13±02 in the diaphragm. Thus no statistically significant difference at the 1% level was found between the mean values of the dose-ratios of gastrocnemius and diaphragm in the same species (P>0.01). Species difference was evident, however, between cat and rabbit (P<0.01) (table II). Paton and Waud (1967) and Waud and Waud (1971) demonstrated graded and reproducible depolarization of the end-plate region produced by the intra-arterial injection of Sch and a shift to the right of the log-dose response curve of Sch in the presence of a subclinical dose of Tc. Their results suggest that there is nearly full competitive equilibrium between receptors, agonist and antagonist and justify the basic assumption of the dose-ratio method (Gaddum et al., 1955) , although there was a change in the shape of the dose-response curve after administration of Tc.
In the present study, the assumption was made that following the application of a depolarizing agent the fraction of mucle fibres unresponsive to indirect stimulation reflected the degree of sustained depolarization of the end-plate region. This is not unreasonable since the mechanism of depolarization block is considered to be that when the end-plate region is depolarized for a certain period of time, the threshold of excitation of the muscle membrane in the vicinity is elevated and it becomes inexcitable (Burns and Paton, 1951) . Thus, the larger the end-plate depolarization, the larger the fraction of muscle fibres which will not take part in the contraction. Burns and Paton (1951) have also shown a constant relationship between depolarization of the end-plate and the advent of neuromuscular block produced by decamethonium. Furthermore, Paton and Waud (1967) found that there was no difference between the value of the dose-ratio obtained by measuring the depolarization produced by suxamethonium and those obtained by the use of decamethonium or octamethonium. One of the authors has already reported that the value of the dose-ratio obtained by the indirect method is practically independent of the depolarizing drugs, such as suxamethonium, decamethonium and carbamylcholine, so far as the same species and the same muscle have been used for the measurement (Yamamura, 1973) . From these findings it seems to be quite safe to conclude that there is a constant relationship between the depolarization of end-plate and the neuromuscular block in the case of suxamethonium administration under these conditions of measurement.
Unfortunately there is no proof that the generation of an action potential in the adjacent muscle membrane depends only on the magnitude of the graded depolarization of the end-plate membrane. Burns and Paton (1951) have pointed out that the relation between the degree of end-plate depolarization and the ultimate elicited mechanical response is complex; the degree of block does not correlate exactly with the degree of depolarization but rather with the length of time in which depolarization has been present. Therefore, it is necessary to take account of the time course as well as the magnitude of the end-plate depolarization. Also differences between the depolarizing action of different drugs may occur, since it has been suggested that the time course of receptor binding of decamethonium is shorter than that of Ach on frog sartorius muscle (Katz and Miledi, 1973) .
However, even with the indirect method used by the present authors and others (Yamamura et aL, 1972; Yamamura, 1973) it was revealed that the gastrocnemius muscle of the dog and the thumb muscle of man showed qualitatively the same characteristics as those shown in previous reports by Paton and others. It was shown that, in both muscles, there is a roughly parallel shift of the logdose response curve of agonist in the presence of a subclinically effective dose of antagonist. And similar values of the dose-ratio were obtained irrespective of the choice of agonist (Sch or decamethonium) or antagonist (Tc or alcuronium) and the route of administration (intravenous or intraarterial). The slightly larger value of the dose-ratio of thumb musde than that of gastrocnemius muscle suggests that the safety margin in the thumb muscle of man is larger than that of the gastrocnemius muscle in dog and rabbit (Yamamura, 1973) .
It should be noted that a considerable individual variation in the dose-ratio was found in the present study. A previous report (Waud and Waud, 1971) suggested that such a variation in the dose-ratio seems to represent the variation among individual animals Waud and Waud (1971) found no significant difference between the dose-ratios of cat tibiaUs anterior and soleus muscle. They (Waud and Waud, 1972 ) also compared the dose-ratio of the diaphragm muscle with that of tibialis in cat and dog. Simultaneous measurement of the dose-ratio of both muscles gave a slightly larger value for the diaphragm in cats but not in dogs. Therefore, they suggested a small difference between the margin of safety in the diaphragm and limb muscle, although the difference is obscured by the variation between animals, especially at threshold transmission.
It is rather difficult to draw conclusions about the difference between gastrocnemius and the diaphragm only on the basis of their results and on our present results. Further study is needed to determine possible quantitative differences between the muscles.
